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We have studied the correlation between the photoconductivity and the dark resistivity of single ZnO
microwires. We found that as-grown microwires with higher dark resistivities have higher photocon-
ductivities. However, when the microwires are thermal treated in vacuum, this correlation is inverted.
We have also analyzed the behavior of photoconductivity on protonated as-grown samples. We
discuss the origin of these behaviors in terms of the interplay of oxygen and zinc vacancies and their
complexes acting as recombination or trapping centers. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4975197]
I. INTRODUCTION
Ultraviolet (UV) photodetectors based on wide-bandgap
oxides have been intensively investigated due to their intrin-
sic visible-blindness, high thermal, and chemical stability.1
In particular, ZnO has drawn great interest due to its low
cost, tunable bandgap, and ability to be operable in harsh
environments.2 Furthermore, in order to enhance the photo-
sensitivity and speed of the devices based on ZnO, several
attempts were made, for instance: surface-to-volume ratio,3,4
decoration with semiconductors5 or metals6–8 with subse-
quent diffusion,9 doping with metals or no-metals,10–13 and
formation of cap layers.14,15 A ZnO UV photodetector has
been fabricated by ultraviolet nanoimprint lithography with
hydrothermal synthesis in which it was produced as Schottky
barriers in order to get an ultrafast response.16 The recovery
time of a thin film transistor based UV photodetector was
improved by the suppression of the persistent photoconduc-
tivity through the oxygen plasma treatment of the ZnO chan-
nel surface.17 Also, an enhancement of the photoresponse
can be obtained by simultaneously applying a gate bias and
UV illumination in an Electric Double Layer Field Effect
Transistor configuration.18 These results make it clear that a
profound knowledge of the physics of defects in ZnO is nec-
essary in order to improve the efficiency of the photodetec-
tors. In this way, it is worth to study the influence of the
intrinsic defects on the photoresponse of ZnO.
In this work, we study the photoresponse of single ZnO
microwires (MWs) and its correlation with the resistivity in
the dark (qd). Our hypothesis is that the magnitude of the dark
resistivity is mainly established by the amount of intrinsic
point defects in a particular MW. Furthermore, in order to
study this correlation under a change in the imperfection con-
tent, the samples were annealed in vacuum or doped with
hydrogen by diffusion at high pressures and temperatures. We
prove here that, in as-grown samples, as the qd increases, the
photoresponse is greater, and in annealed samples in vacuum,
that correlation is dramatically inverted, while the hydroge-
nated samples did show a more complicated behavior.
Moreover, we develop a simple model based on our experi-
mental results to give the explanation of these behaviors.
II. EXPERIMENTAL DETAILS
For this study, MWs of ZnO were prepared by the car-
bothermal process consistent in the thermal decomposition
of high melting point ZnO (1975 C) into low melting point
Zn or Zn suboxides (419 C). For carbothermal evapora-
tion,19 a pressed ZnO/graphite target (mass ratio of 1:1) was
placed on a ceramic holder inside a quartz tube. When the
temperature of a programmable tubular furnace had reached
1150 C, the quartz tube was inserted into it. Both outlets of
the quartz tube were kept open to the ambient air, and no car-
rier gas was applied. The reaction time was of 45 min. The
wires grow directly on the targets with diameters from 10 to
40 lm and lengths of some millimeters (see Fig. 1(a)). The
obtained microwires were hexagonal shaped with flat surfa-
ces, as can be seen in Fig. 1(b). Part of the samples was ther-
mal treated (TT) at 700 C during 2 or 5 h at 103 Torr in
order to enhance the intrinsic oxygen vacancy content. Other
part of the as-grown samples was protonated by the diffusion
of hydrogen. Two different processes were used: 30 bar of
H2 at 300
C for 100 min or 40 bar of H2 at 450 C for 12 h.
The Raman spectra of the samples were recorded at room
temperature by employing a diode-pump, a solid state
532 nm laser (spot of 2 lm), a Thermo Scientific DXR
Raman Microscope equipped with a CCD detector. XAS
measurements were taken at room temperature in the trans-
mission mode at the Zn K-edge, at the XAFS beam-line of
LNLS (Campinas, Brazil). Ohmic contacts with linear and
symmetric I–V curves were achieved by using In contacts on
the MWs (see Fig. 1(c)). Resistivity measurements werea)Electronic mail: mvillafuerte@herrera.unt.edu.ar
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performed in a voltage source-ammeter configuration. An
excitation voltage of 5 V was used, and the electrical current
was measured with a resolution of 0.5 nA. Measurements
were carried out in a standard cryostat equipped with an opti-
cal window and a 1000 W Xe lamp plus a monochromator.
The wavelength can be swept from 200 to 800 nm with an
estimated flux density of 10 lW/cm2 in the UV range.
III. RESULTS AND DISCUSSION
Fig. 2 shows the Raman spectra of representative MWs:
as grown, thermal treated in vacuum (samples TT 2h and TT
5h, 2 h and 5h at 700 C, respectively) and protonated by dif-
fusion (sample H). All peaks correspond to the Raman
spectrum of wurtzite ZnO.20 We measured the spectra in sev-
eral MWs, and we repeated each spectrum in order to check
the repeatability of our micro-Raman setup. The spectra
were normalized using their respective E2(low) peak inten-
sity. The inset shows a zoom of the E2(high) peaks where
we can see that the relative intensity for TT samples is lower
than the intensity of the same peak corresponding to the
as-grown sample. The low-wavenumber E2(low) mode pre-
dominantly involves the vibration of the heavy Zn sublattice,
while the high-wavenumber E2(high) mode is mainly associ-
ated with the vibration of the lighter O sublattice. Then, the
diminution of the intensity of E2(high) suggests a lesser oxy-
gen content in TT samples, as expected. Moreover, the spec-
tra of vacuum treated samples shift to a higher Raman shift
in relation to as-grown samples. The shift to higher frequen-
cies of the E2 (high) mode indicates a stress effect of the
vacancies in the structure of ZnO. The A1(TO) mode at
380 cm1 is related to oscillation modes parallel to the c axis
and mainly to the lighter oxygen sublattice. We observe that
the diminution of intensity goes in the same direction as
E2(high) for TT samples. The spectra for H samples show
intensities similar to as-grown samples with a slight ten-
dency to shift to lower frequencies, indicating that the strain
is opposite as compared with TT samples.
EXAFS measurement provides detailed information on
the local structure around Zn atoms in ZnO MWs. Fig. 3
shows the Fourier transform (FT) of oscillations extracted
from the Zn k-edge, using an Athena program, corresponding
to AG and TT MWs. From this figure, it can be observed, out
of the error, the reduction of the EXAFS amplitude of the first
(Zn-O bond distance) and second shell (Zn-Zn bond distance)
as the thermal treatment time increases (see inset in the same
figure). This qualitative analysis suggests an increasing disor-
der of the atomic structure due to the existence of O and Zn
vacancies.
MWs of the same geometrical aspect were selected to per-
form the photo-transport measurements: mean length between
the contacts of 312lm (standard deviation, SD¼ 100lm) and
FIG. 1. (a) Image of a bunch of as-fabricated microwires obtained by carbo-
thermal evaporation. (b) Image of a single microwire showing the hexagonal
faceted surface. (c) Photography of the setup used to measure the photo-
transport properties. The microwire is cold soldered to the Cu pads using In.
FIG. 2. Raman spectra of single ZnO microwires. Inset: Zoom of the E2(high)
peak.
FIG. 3. Fourier transform modulus of v(k).k2 EXAFS of as-grown (AG) and
thermal treated in vacuum (TT) ZnO microwires. The inset shows the
decrease of oxygen (filled symbols) and zinc (hollow symbols) v(k).k2 max-
ima normalized to the AG value as a function of thermal treatment time.
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the mean diameter of 25lm (SD¼ 3lm). Photoconductivity
is defined as: (rlight  rdark)/rdark, where rlight is the conduc-
tivity with illumination and rdark is the conductivity in the
dark. The photoconductivity growth curves of the MWs using
a light of k¼ 370 nm in vacuum (103 Torr) at room-
temperature are shown in Fig. 4. Each measurement was made
after maintaining the MWs in the dark for 24 h. The curves
show a great variation of responses to the UV, depending on
the dark resistivity of the MWs. The dark resistivity was calcu-
lated as: qdark¼ 1/rdark¼ (V/Idark).A/l, where Idark is the cur-
rent in the dark, and A and l are the area of cross section and
length between the contacts of the MWs, respectively. For as
grown MWs, the PC increases as the dark resistivity increases.
However, in TT MWs, the trend is inverted: the PC increases
for decreasing dark resistivity.
The best fitting of the photoconductivity growth curves
was achieved by double exponential functions
PC ¼ y0 þ A1 expðt=s1Þ þ A2 expðt=s2Þ;
where s1 and s2 are the fast and slow time constants, respec-
tively (see Fig. 5), and y0, A1, and A2 are fitting constants.
Moore and Thompson21 developed a phenomenological
model that explains these responses in terms of two pro-
cesses for the charge transfer: bulk-to-surface transfer of car-
riers through the potential energy barrier, due to surface
band bending; and thermionic surface-to-bulk transfer of
charge carriers through a fixed potential energy barrier. In
the dark, the surface of the MWs has adsorbed O2 that cap-
tures electrons increasing the band bending. The magnitude
of the depletion width will depend on the balance between
donors and acceptors near the surface. When the sample
is illuminated with UV light, bulk-to-surface transfer of
holes dominates and, depending on the initial amount of
band bending, can result in a significant initial growth in
photocurrent, that is, a fast process characterized by the time
constant s1. As the band bending decreases with time, due to
the desorption of O2, the rate of transfer bulk-to-surface
competes with the surface-to-bulk transfer. This slowing of
photocurrent is typically ascribed as the slow process, char-
acterized by the time constant s2.
22 In order to compare the
time response of different samples, one must be aware that
this comparison will be valid only at the same ambient
pressure and the surface-to-volume ratio. The increase in s1
(Fig. 5) indicates that the bulk-to-surface transfer is slower at
the beginning of illumination as qd increases. This can be
interpreted in terms of lower band bending at the initial stage
as qd increases.
23 The presence of acceptors, such as zinc
vacancies VZn,
24,25 must be a plausible explanation. Then, as
the concentration of VZn increases, thus partially compensat-
ing the intrinsic donor defects, the qd becomes greater. In
order to check this hypothesis, we performed the energy-
dispersive X-ray spectroscopy in two points of each micro-
wire and plotted the mean ratio of the intensity of the O-Ka
line over the intensity of the Zn-La line vs. qd (see inset
Fig. 5(a)). This ratio represents the change of concentration
of oxygen in relation to the concentration of Zn in the sam-
ples. The plot shows that the concentration of Zn is diminish-
ing in relation to O as qd increases, which can be interpreted
as an increase of the concentration of VZn. In the case of the
TT-ZnO samples, the tendency of the s1 is the same as the
as-grown samples, but with lower values, indicating the pres-
ence of a lower band bending at the beginning stage before
illumination.
Fig. 6 shows the absolute value of PC as a function of
the dark resistivity (qd) of single MWs for as grown and TT
samples. The values of PC were taken from Fig. 4 at one
hour of illumination. There were no essential changes in the
main features of these curves for other times. The range of
dark resistivities change one order of magnitude, which
means that the concentration of majority carriers has the
same variation, assuming that the mobility is nearly constant.
As grown MWs show a saturation of PC around 100%.
However, in the case of TT MWs, the highest PC reaches
1000%. The points of the lowest PC correspond to TT-2h
samples and the rest to TT-5h samples.
FIG. 4. Growth of photoconductivity of representative as-grown (AG) and
thermal treated in vacuum (TT) ZnO microwires using k¼ 370 nm. The dark
resistivities are indicated for each sample. The lines indicate the fitting data
using a double exponential function.
FIG. 5. Photoconductivity growth fast time constants (s1) of AG and TT
samples, obtained by fitting with double exponentials. Inset: Ratio of intensi-
ties of O-Ka and Zn-La lines of Energy-Dispersive X-ray Spectroscopy data
for as-grown samples. The line is a guide for the eye.
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Observing Fig. 6, we can infer that the MWs have grown
with defects that affect simultaneously the qd and the PC
response. As it is well established, the intrinsic defects give a
type-n character to the pure ZnO.26 Based on the discussion
of the time constants of Fig. 5, the increase in the qd can be
explained by an increase of the dominant intrinsic acceptor
defects, i.e., zinc vacancies (VZn)
24 that compensate the
donor defects by capturing carriers. Then, the increase of
concentration of VZn for higher qd correlates with the
increase of PC, as it can be seen in Fig. 6 for as grown sam-
ples. In the case of TT samples, the behavior of PC vs. qd
changes dramatically (see Fig. 6). The VO generated by the
TT will have more concentration at surface or sub-surface
sites, since the migration of VO is more favorable from inner
sites to the surface.27 Furthermore, these VO are active traps
for PC and then significantly enhance it for low qd compared
with as-grown samples, as it is shown by the results of
Fig. 6. Nevertheless, as qd increases, the PC drops almost
two orders of magnitude in the measured range. The magni-
tude of the PC depends essentially on the photocurrent
(Iph¼ Ilight–Id) through PC¼ Iph/Id, where Id is the current in
the dark. The concentration of photocarriers (Nph) can be
evaluated as: Nph¼ (gU/Al) s, where g is the quantum effi-
ciency, U is the photon absorption rate, A and l are the
cross section and the length of the MW, respectively, and s
is the mean carrier lifetime. Then the photocurrent can be
expressed as
Iph ¼ eðgU=AlÞsvA;
where e is the elementary charge, and v is the drift velocity.
Using these results, the PC in steady state, in terms of qd
and using v¼lV/l, where V is the applied voltage to the
microwire, is
PC ¼ e ðgU=A lÞslqd: (1)
The mean carrier lifetime as a function of the photon
absorption flux is3
s ¼ s2=ð1 þ ðU=U0ÞnÞ; (2)
where n is the phenomenological parameter, U0 is the photon
absorption rate when trap saturation occurs, and s2 is the
slow time constant. Using Equations (1) and (2), we can
obtain U0 for each sample. The results are shown in Fig. 7,
where a typical value of mobility for ZnO was used
(l 102 cm2/V s28) and taking n¼ 0.7.3 From Fig. 7, we can
see that U0 grows with qd for as grown samples, since U0 is
proportional to the concentration of traps in the samples; this
indicates that there are more imperfections in the samples
with greater qd. This conclusion supports our hypothesis that
VZn are responsible for the double effect of increasing PC
and compensate donors as qd increases. Following the same
reasoning with the TT samples, we can conclude from Fig. 7
that the concentration of traps decreases as qd increases. The
same conditions of a given thermal treatment in vacuum will
induce the same concentration of VO over different samples,
so the different photoresponse comes from the interaction of
them with the preexistent intrinsic defects. The previously
reported existence of complex VZn-VO
29–31 is the more prob-
able one (see Fig. 8). Since VZn are more mobile than VO,
32
they can migrate to the surface during the TT and reach the
VO to form the divacancy.
33,34 This complex acts as a recom-
bination center that fades out the photoresponse of the sam-
ples as its concentration increases. Then, for low qd the
quantity of VO, introduced by the TT, overpasses the number
of preexistent VZn, relatively low concentration of complexes
is formed, and the PC increases due to the new traps gener-
ated. As the concentration of VZn increases, there is more
probability to form complexes VZn-VO reducing the number
of effective traps and then reducing the PC. This reduction is
steeped due to the deactivation of the double role of the VZn:
one as trap for photoconductivity and the other as compen-
sating acceptor.
In Fig. 9, we show the PC vs. qd for as grown samples
after hydrogenation by diffusion using the two processes
described above: 30 bar at 300 C for 100 min (TTH1) and
40 bar at 450 C for 12 h (TTH2). The TTH1 has a similar
effect over the samples as the TT in vacuum, a slight
FIG. 6. Saturation photoconductivity at 1 h of illumination vs. dark resistiv-
ity of as-grown and TT microwires. The lines are guides to the eye.
FIG. 7. Photon absorption rate for trap saturation as a function of dark resis-
tivity for as grown and TT microwires.
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decrease on the qd, and the same correlation between PC and
qd, but with lesser absolute values. As expected, the longer
TTH2 process reduces the dark resistivity around two orders
of magnitude below the other treatments. It was suggested
that H is a robust source of n-type conductivity as substitu-
tional at an O site (HO).
35 The enhancement of the PC due to
the hydrogenation is attributed to the bistability of the HO
that can undergo a large lattice relaxation during illumina-
tion with UV, creating deep levels that trap electrons.36
Hence, the hydrogenation of our samples activates shallow
preexistent VO producing the enhancement of the persistent
photoconductivity. The decreasing trend of the PC against qd
can be explained in the same way as TT samples; i.e., the
VZn deactivate the bistable HO traps forming a complex that
acts as recombination centers. On the other side, the TTH2
samples have shown more dispersion in their PCs as a func-
tion on the qd; nevertheless, the tendency is clear, they have
a lesser PC than the other samples with thermal treatments.
These samples have two orders of magnitude and less
dark resistivity than the rest of the samples, which can be
transduced in two orders of more carriers in the dark, and it
is reasonable that the relative increment of the photocurrent
will be lower, giving lesser PCs. From this point of view, it
is interesting to note that a maximum photoresponse can be
achieved by the interplay between concentration of carriers
in the dark and intrinsic defects that are active traps for
photoconductivity.
IV. CONCLUSIONS
In summary, we have studied the photoconductivity as a
function of the resistivity in dark of single ZnO microwires,
grown by carbothermal reduction. The photoconductivity of
as grown samples increases with dark resistivity due to the
increase of zinc vacancies that compensate donors and act as
traps for photoconductivity. In thermal treated samples in
vacuum, the correlation between photoconductivity and dark
resistivity is inverted due to the formation of divacancies of
ZnO in the surface of the microwires that act as recombina-
tion centers that fade out steeply the photoconductivity as
the dark resistivity increases. To conclude, we have shown
that the ZnO divacancies can play a relevant role in the pho-
toconductor behavior in microwires with thermal treatments
in reducing atmospheres.
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